The re-epithelialization of the wound involves the migration of keratinocytes from the edges of the wound. During this process, keratinocyte migration and proliferation will depend on the interaction of keratinocytes with dermal fibroblasts and the extracellular matrix. The present study aimed to investigate (1) the role of fibroblasts in the re-epithelialization process and on the reconstitution of the dermal-epidermal junction (DEJ) and (2) differential protein expression during re-epithelialization. For both purposes, three-dimensional human skin equivalents (HSE) were used. A full-thickness wound in HSE was introduced by freezing with liquid nitrogen and a superficial wound by linear incision with a scalpel. The closure of the wound in the absence or presence of exogenous growth factors was followed by monitoring the rate of re-epithelialization and regeneration of the DEJ. The results obtained in this study demonstrate that fibroblasts facilitate wound closure, but they differentially affected the deposition of various basement membrane components. The deposition of laminin 5 at the DEJ was delayed in superficial wounds as compared to the full-thickness wounds. During freeze injury, some basement membrane (BM) components remain associated with the dermal compartment and probably facilitate the BM reconstitution. The re-epithelialization process in full-thickness but not in superficial wounds was accelerated by the presence of keratinocyte growth factor and especially by epidermal growth factor. In addition, we have examined the deposition of various basement membrane components and the differences in protein expression in a laterally expanding epidermis in uninjured HSE. Laminin 5, type IV and VII collagen deposition was decreased in the laterally expanding epidermis, indicating that the presence of these proteins is not required for keratinocyte migration to occur in vitro. Using twodimensional polyacrylamide gel electrophoresis, we have identified DJ-1, a protein not earlier reported to be differently expressed during the epithelialization process of the skin.
Our skin is the first line of defense against disease and skin damage. The body is capable of closing injuries spontaneously in order to restore the protective covering function of the skin as quickly as possible. [1] [2] [3] [4] Both wound contraction and reepithelialization from the margins of the wound play an important role in wound closure. [5] [6] [7] Reepithelialization is achieved by keratinocyte proliferation and migration over an extracellular matrix. 4, 8 In addition, the full regeneration of a functional epidermis depends on the reconstitution of the dermal-epidermal junction (DEJ), which anchors the epidermis to the dermis. 9, 10 The networks of type IV collagen, laminin, perlecan and nidogen are important elements in serving the mechanical stability of the DEJ. 11 The basement membrane (BM) has been shown to be an active regulator in epithelial-mesenchymal interactions during epithelial cell development. 12 Wound closure has been studied both in vivo and in vitro. [13] [14] [15] [16] [17] [18] [19] One of the main questions still to be answered is how the keratinocytes are stimulated to migrate into a specific direction and how the reorganization of the cell network necessary for this motion is induced. Furthermore, proteins that direct these processes are still unknown. Fibroblasts have been found to exert profound effects on keratinocyte proliferation and differentiation and on the deposition of basement proteins. 20 Only in the presence of fibroblasts the normalization of the epidermal differentiation program and deposition of laminin 5, collagen type IV and VII at the dermal/epidermal junction occurred. We can speculate that also during wound-healing processes fibroblasts play an essential role, as it is well established that in vivo the closure of superficial wounds, in which only the epidermis is injured, is faster than in full-thickness wounds, where both the epidermal and dermal components are injured. As it is very difficult to examine the role of fibroblasts on the wound-closure process and on the deposition of basement membrane proteins in vivo, a wound-healing model is presented. This model consists of a three-dimensional human skin equivalent (HSE) model with epidermal architecture closely mimicking that of the native tissue. [21] [22] [23] [24] [25] [26] The full-thickness or superficial epidermal wounds were induced by freezing with liquid nitrogen or by linear incision with a scalpel, respectively. The closure of the wound in the absence or presence of exogenous growth factors was followed by monitoring the rate of re-epithelialization and deposition of basement membrane proteins. In addition, to follow the changes in protein profile during the re-epithelialization process, the epidermal protein profiles were analyzed by two-dimensional polyacrylamide gel electrophoresis (2D-PAGE).
Material and methods

Cell Culture
A culture of normal human keratinocytes (NHK) was established from human breast skin, as described earlier. 23 The keratinocyte medium used for the culture of NHK consisted of three parts Dulbecco's modified Eagle medium and one part Ham's F12 medium supplemented with 5% HyClone calf serum (Greiner, Nurtingen, Germany), 1 mM hydrocortisone, 1 mM isoproterenol, 0.1 mM insulin (Sigma-Aldricht, Zwijndrecht, The Netherlands). For experiments, secondary cultures were used.
The culture of human dermal fibroblasts was established as described earlier. 23 The fibroblasts were cultured in DMEM, supplemented with 5% FCS (Gibco), penicillin (100 IU/ml) and streptomycin (100 mg/ml) (ICN Biomedicals, Inc). Passages two to five were used for the experiments.
Dermal Equivalents
Hydrated collagen gels were prepared, as described by Smola et al, 27 using 4 mg/ml collagen solution isolated from rat-tails. Briefly, the collagen solution was mixed at 41C with fibroblast suspension to reach a final density of 1 Â 10 5 cells/ml. Subsequently, 2.5 ml of collagen suspension was pipetted onto a filter insert (six wells plate, Costar). After 15 min of incubation at 371C in a humidified atmosphere containing 5% CO 2 to allow gel polymerization, 2 ml of culture medium was added and the collagen matrices were subsequently incubated overnight. In some experiments, 20 ml of collagen mixture was pipetted onto a large filter insert (75 mm diameter, Costar).
Reconstruction of Epidermis
For the generation of a reconstructed epidermis, secondary keratinocyte cultures (1 ml containing 1 Â 10 6 keratinocytes) were seeded in the central area (using a plastic ring with a diameter 24 mm) of collagen matrices (75 mm diameter) and incubated overnight in keratinocyte medium. When smaller inserts (diameter 2 cm) were used, 1 Â 10 6 keratinocytes were seeded in 40 ml onto a central part of the collagen matrix. Subsequently, the cultures were fed with the same keratinocyte medium but containing 1% serum, 1 Â 10 À5 M L-carnitine, 1 Â 10 À2 M L-serine, 1 mM DL-a-tocopherol-acetate and a lipid supplement containing 25 mM palmitic acid, 15 mM linoleic acid, 7 mM arachidonic acid and 2.4 Â 10 À5 M bovine serum albumin. 23 At the time of lifting the cultures at the air-liquid interface, the same medium was used except that the serum was omitted, the concentration of linoleic acid was increased to 30 mM and 100 mg/ml ascorbic acid phosphate was added. 23 The lifting to the A/L interface was conducted after overnight incubation and a serum-free medium was used 1 day after airexposure. The cultures were grown for additional 14 days, respectively, at the A/L interface. The culture medium was renewed three times a week. All supplements were purchased at Sigma-Aldrich (Zwijndrecht, the Netherlands).
Re-epithelialization Experiments
Two different approaches have been used for wounding of the HSE: (1) full-thickness or (2) superficial incisional wounding. For creating a full-thickness wound, a metal bar (2.5 mm) was first cooled in liquid nitrogen and subsequently applied for about 10 s on the reconstructed epidermis. For superficial incisional wounding, a scalpel was used by means of which about 3 mm broad epidermal incision was made. After wounding the cultures, they were further grown for 3, 7 or 14 days at the A/L interface in a serum-free medium in the absence or presence of growth factors (1 ng/ml epidermal growth factor (EGF) or 5 ng/ml keratinocyte growth factor (KGF)).
Immunohistochemistry and Immunofluoresence Microscopy
Harvested cultures were washed in PBS, fixed in 4% paraformaldehyde, dehydrated and embedded in paraffin. Sections (5 mm) were cut, deparaffinized in ethanol and rehydrated in preparation for morphological or immunohistochemical analysis. Immunohistochemical analysis of several proteins was performed using 5 mm frozen sections, which after sectioning at À201C, were air-dried overnight and fixed in acetone for 10 min. The primary antibodies used in the present study are listed in Table 1 . After incubation with primary antibodies, sections were stained with the avidin-biotin-peroxidase complex system (streptABcomplex/HRP, DAKO), as described by the suppliers with the following minor modifications: a phosphate-buffered saline was used instead of Tris-buffered saline. All sections were counterstained with hematoxylin.
Assessment of Fibroblast Viability
After wounding, the tissue was first incubated for 2 min in 5% trypan blue (Merck, Darmstadt, Germany) in PBS and thereafter washed with PBS. Photographs of the dermal matrix were taken by a Zeiss microscope (Axioplan 2), and the viability of the fibroblasts evaluated on the basis of the cell shape and staining pattern.
Assessment of Wound Closure
Photographs of the hematoxylin-eosin (H/E) stained wounded cultures were taken by a Zeiss microscope and re-epithelialization assessed by measuring the length of the wound covered by the newly formed epidermis using the AxioVision 3.0 program (Zeiss, Hallbergmoos, Germany). The wounding in the central region of the culture enabled the measurement of re-epithelialization from both wound margins.
Cellular Protein Extraction
For the re-epithelialization experiments, large reconstructed skin cultures were used. After a 2-week culture at the A/L interface the cultures were separated into three different regions: (1) central, (2) newly epithelialized region close to the central and (3) re-epithelialized region remote from the central region. The epidermal layer was then mechanically separated from the dermal compartment by forceps and homogenized using a Polytron (PT3000, Kinematica AG). Epidermal proteins were subsequently isolated using TRIzol s , (GibcoBRL/ LifeTechnologies) following the manufacturer's instructions. The air-dried protein pellets were solubilized in 9 mol l À1 urea, 2% CHAPS, 0.5% IPG buffer nonlinear gradient of pH 3-10 (Amersham Pharmacia Biotech, Roosendaal, The Netherlands) and 5 mg ml À1 dithiothreitol. Protein concentrations were determined using the modified Bradford protein assay. 28 
Two-dimensional Polyacrylamide Gel Electrophoresis
A trace of bromophenol blue was added to the protein samples and known amounts of protein were loaded on 18-cm isoelectric focusing readymade IPG strips with a nonlinear gradient of pH 3-10 (Amersham Pharmacia Biotech). Rehydration of the IPG strips was performed for 12 h at 30 V after which proteins were focused for 65 000 Vh (IPGphor, Amersham Pharmacia Biotech). Prior to the second dimension, IPG strips were equilibrated in 1% dithiothreitol (w/v) followed by 2.5% iodoacetamide (w/v), both for 15 min in 50 mmol l À1 Tris-HCl pH 8.8, 6 mol l À1 urea, 30% glycerol and 2% SDS. After this procedure, the strips were placed on top of a 200 Â 260 Â 1 mm 3 polyacrylamide gel (13% homogeneous, 2.6% cross-linking, 0.1% SDS, 375 mmol l À1 Tris-HCl pH 8.8) and run for 45 min at 5 W/gel followed by 4 h at 15 W/gel (Ettan Dalt, Amersham Pharmacia Biotech). Proteins were visualized using silver staining 29 and analysed by PD-Quest software (BIO-RAD Laboratories, Veenendaal, The Netherlands).
Peptide Mapping and Sequencing
Protein spots of interest were excised from the gels, cut into pieces and dehydrated in 100% acetonitrile for 10 min. After removal of the acetonitrile, gel Antibodies not purchased from indicated sources were personal gifts from the investigator named.
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À1
(Promega Benelux, Leiden, The Netherlands) in 50 mmol l À1 ammonium bicarbonate) for 45 min on ice. Further incubation was performed overnight at 371C. Peptide fragments were extracted for 20 min using 100 ml 25 mmol l À1 ammonium bicarbonate, followed by three extractions using 100 ml 5% formic acid/50% acetonitrile. The extraction solutions were pooled, concentrated to approximately 30 ml (SpeedVac, Savant Instruments) and desalted over Poros 50R2 (Applied Biosystems, Foster City, CA, USA). Peptides were eluted in 60% methanol/5% formic acid and measured directly on a Q-TOF electrospray ionization time-of-flight mass spectrometer (Micromass, Manchester, UK).
Results
Fibroblasts Facilitate Wound Closure
In order to study wound closure in vitro, HSE were injured using two approaches: (a) 'full-thickness' wounding introduced by freezing with liquid nitrogen or (b) superficial incisional wounding by which only the epidermis has been removed. The first treatment resulted in a blister formation covering the wound. In the injured epidermis, the cell death occurred as judged from the presence of small round-shaped cells (Figure 1a ). In the dermal compartment, the majority of the fibroblasts did not survive the low-temperature treatment, as established by trypan blue staining and rounded cell shape (Figure 1b ). In contrast, superficial incisional wounding did not lead to the depletion of the fibroblasts from the dermal compartment in the injured part of the culture and the fibroblasts showed an elongated shape and did not positively stain with trypan blue (Figure 1c, d) . Repopulation of the dermal compartment with fibroblasts in fullthickness wounds occurred earlier in the presence of EGF than in the absence of growth factors or presence of KGF (data not shown). During subsequent cultures at the A/L interface, re-epithelialization from the wound edges occurred in both models (Figure 1a , c) but was faster in superficial than fullthickness wounds (Figure 2a ). The addition of growth factors during the re-epithelialization process accelerated the wound closure of freezeinduced wounds, with EGF being slightly more effective than KGF (Figure 2b ). The effect of EGF and KGF was most pronounced on day 7 after injury and to a lesser extent at day 14, probably due to the effect of fibroblasts starting to migrate from the wound margins into the wounded regions (data not shown). The effect of growth factors was marginal in superficial incisional wounds (Figure 2c) . At day 7, the extent of wound closure in superficial wounds was similar to that found in EGF-or KGF-treated fullthickness wounds (Figure 2b, c) . In the uninjured epidermis, keratin 10 was expressed in all suprabasal layers, involucrin in the stratum granulosum and keratins 16 and 17, and skin-derived antileukoproteinase (SKALP) were absent (data not shown). In reepithelialized regions, suprabasal keratin 10 expression persisted, but abundant suprabasal expression of keratins 16 and 17, SKALP and involucrin was noticed (data not shown). This occurred irrespective of the absence or presence of growth factors (data not shown), similarly as seen previously at the periphery of uninjured culture.
Preservation of Laminin 5 Depends on the Wounding Procedure
Prior to injury, laminin 5 was deposited along the entire DEJ. As shown in Figure 3a , in full-thickness Figure 1 Wounding of human skin equivalents generated on fibroblast-populated collagen matrices. HSE were established by culturing human keratinocytes on fibroblast-populated collagen matrices for 2 weeks at the air-liquid interface in serum-free medium and in the absence of growth factors. Thereafter, the cultures were wounded. (a) 'Full-thickness' wound introduced by freezing with liquid nitrogen or (c) superficial incisional wound by which only the epidermis was removed. After wounding, the cultures were further grown at the air-liquid interface in a serumfree medium. Re-epithelialization from the wound edges 3 days after wounding is shown. wounds introduced by liquid nitrogen, laminin 5 decorated entirely the DEJ of the newly formed epidermis already in early stages after wounding. Furthermore, laminin 5 was also decorating the surface of the dermal compartment in the wounded area, indicating that after wounding some of the BM components remain associated with the epidermis and some with the dermal part (Figure 3a) . In a few cases, laminin 5 also decorated the plasma membrane of the basal keratinocytes in detached epidermis (Figure 3b) .
In contrast, in superficial wounds created by mechanical removal of the epidermis, laminin 5 was absent at early time points (3-4 days after injury; notice the absence of the stratum corneum) during re-epithelialization (Figure 3c) . At later time points (at days 7 and 14; notice the presence of the stratum corneum), laminin 5 decorated the DEJ (Figure 3d inlet) . Evaluation at day 14 revealed a weak expression of collagen type VII (Figure 3d ) and abundant expression of a 6 and b 4 integrin subunits (Figure 3e, f) .
Identification of Proteins during Epithelialization
A different approach was chosen to study the changes in epidermal protein profiles during epithelialization. HSE were generated by seeding keratinocytes onto the central area (diameter 2 cm) of a large fibroblast-populated collagen matrix (diameter 7.5 cm). During the subsequent 2-week culture at the A/L interface, the keratinocytes differentiate, proliferate and migrate from the initial seeding area to the culture periphery (Figure 4) . The epithelialization process is similar to that occurring during reepithelialization after wounding. Therefore, this model can be used to clarify proteins that are involved in re-epithelialization. The cultures were separated into two major regions based on histological criteria: (A) central region, in which the keratinocytes were seeded. In this region, the epidermis was fully differentiated consisting of 8-10 viable cell layers and coherent stratum corneum. (B) the laterally expanding regions (B1-B4) (Figure 4) , in which the number of viable cell layers and the thickness of the stratum corneum was gradually decreasing. Stratum corneum was absent in region B3, and in the outermost region B4 only one cell layer was present. Differences in terminal epidermal differentiation (Table 2 ) and BM formation (Table 3) were noticed between the central and expanding regions: in the central region, keratin 10 was expressed in all suprabasal cell layers and Figure 2 Re-epithelialization of wounded cultures. HSE were established by culturing human keratinocytes on fibroblastpopulated collagen matrices for 2 weeks at the air-liquid interface in a serum-free medium and in the absence of growth factors. Thereafter, the cultures were wounded. (a) Re-epithelialization in full-thickness and superficial incisional wounds was assessed by measuring the length of the wounds covered by the newly formed epidermis on days 3, 7 and 14 after injury. The wound closure in the absence of growth factors is shown. Note: the re-epithelialization process proceeded more rapidly in superficial wounds. After wounding, the HSE were grown in the absence or presence of growth factors (1 ng ml À1 EGF or 5 ng ml Re-epithelialization in a human skin equivalent A El Ghalbzouri et al keratins 6 and 16 were expressed in the basal cell layer and their expression shifted towards the stratum granulosum. K17 was absent in all epidermal cell layers. The terminal differentiation marker involucrin was expressed in the stratum granulosum, whereas SKALP was absent (data not shown). In laterally expanding regions, suprabasal keratin 10 expression persisted, but abundant suprabasal expression of keratins 16 and 17 was noticed. Similar observations were made for SKALP and involucrin (data not shown). While no difference in the deposition of BP180 EC, BP230 and plectin was observed in laterally expanding epidermis as compared to the central region, LAD-1 expression was reduced and that of uncein was very faint and patchy in expanding epidermal tissue (Table 3 and Figure 5 ). In the outermost expanding regions no laminin 5 deposition was observed ( Figure 5 ). There also keratin 10, involucrin and SKALP could not be detected (data not shown). The deposition of type IV and VII collagen was hardly detectable in the laterally expanding regions (Table 3) , while integrin subunits a 6 , b 4 and BP180 EC were abundantly expressed ( Figure 5 ). As with immunohistochemistry only the expressional changes of known proteins during re-epithelialization can be monitored, the 2D-gel electrophoresis approach has been chosen to obtain more detailed information on changes in the overall protein spectrum. For this purpose, proteins were isolated from different regions of the laterally expanding epidermis and subjected to 2D-PAGE, with the exception of the outermost region from which sufficient amounts of required material could not be harvested. The epidermal protein samples were run on parallel 2D-gels and visualized using silver staining. 2D-PAGE protein profiles obtained showed great similarities, indicating high reproducibility of the system. A representative 2D gel image is shown in Figure 6a . After scanning, gel images were analyzed by PD-Quest (BIO-RAD Laboratories) for spots that increased or decreased in different stages of the migration. Different spots were found to vary in intensity during the epithelialization process. As we observed interexperimental/donor variations in the intensity of various spots, only spots that showed similar changes in intensity in four independent experiments, performed with HSE generated with cells originating from four different skin donors, were selected for further analysis. In total, three spots were identified, of which the density was found to increase or decrease in different stages of the migration. The protein that fitted best to the criteria of selection was annotated as spot SSP4209 (Figure 6a ). The intensity of the From a negative to a strong positive expression. Human skin equivalents (HSE) were generated by seeding of keratinocytes onto the central region of fibroblast-populated collagen matrices and subsequent culturing for 2 weeks at the A/L interface in the absence of growth factors. Thereafter, the cultures were separated into three different regions (a) the central fully differentiated region, (b) newly epithelialized region close to the central and (c) reepithelialized region remote from the central region. The expression of various proteins was assessed by immunohistochemistry. Two independent observers performed the evaluation of staining localization and intensity. K, keratin; SB, stratum basale; SS, stratum spinosum; SG, stratum granulosum.
Re-epithelialization in a human skin equivalent A El Ghalbzouri et al spot decreased from the central region towards the periphery of the cultures (Figure 6b ). SSP4209 was also present in native skin. After tryptic digestion of SSP4209, mass spectrometry was used to characterize the protein (Figure 6c ). Several unique fragments were detected and sequence analysis of one of these fragments unambiguously showed that spot SSP4209 corresponds to RS/DJ-1 (MW 19.89 kDa, pI about 6.33). Mass spectrometry of the SSP4209 spot was performed using material derived from two different donors in two independent experiments. Both sequence analyses identified SSP4209 as RS/ DJ-1.
Immunohistochemical Confirmation of the RS/DJ-1 Protein during Re-epithelialization
To examine the localization and potential redistribution of the RS/DJ-1 protein during the epithelialization process, immunohistochemistry was performed on the same skin specimens that had been used to isolate proteins for 2D-PAGE analysis. In native skin and the central HSE region, a strong cytoplasmic and nuclear RS/DJ-1 staining in the entire epidermis was observed (Figure 7 ). In the expanding regions, only the stratum granulosum stained negatively, while in the outermost outgrowing region the presence of DJ-1 could not be detected. These results confirmed the results obtained with 2D-PAGE analysis.
Discussion
Re-epithelialization of a wound primarily involves the migration of keratinocytes from the edges of the wound and hair follicles, their proliferation, differentiation and stratification to form the neo-epithelium. 30 During this process, keratinocyte migration and proliferation will depend on their interaction with dermal fibroblasts and with the extracellular matrix [31] [32] [33] and on a variety of growth factors and cytokines present in wound fluid. 34 In this study, we have established an in vitro human wound-healing model, which enables us to examine the role of fibroblasts and exogenous growth factors on wound re-epithelialization. In this reconstructed human skin model generated by culturing keratinocytes on fibroblast-populated collagen matrix, epidermal stratification is reproduced to a high extent, similar to that occurring in vivo. 20, 23, 35 Our recent study 26 showed that when HSE are grown in serum-free media and in the absence of growth factors, the number and the functional state of fibroblasts incorporated into the collagen matrix is crucial for the normalization of the epidermal differentiation program and of the deposition of various basement membrane and hemidesmosomal components. To examine the potential role of fibroblasts in the reepithelialization process, two types of wounds were introduced in our HSE: superficial wounds, in From the negative to a strong positive expression Patchy expression Human skin equivalents (HSE) were generated by seeding of keratinocytes onto the central region of fibroblast-populated collagen matrices and subsequent culturing for 2 weeks at the A/L interface in the absence of growth factors. Thereafter, the cultures were separated into three different regions (a) the central fully differentiated region, (b) newly epithelialized region close to the central and (c) reepithelialized region remote from the central region. The expression of various basement membrane and hemidesmosomal proteins was assessed by immunohistochemistry. Two independent observers have performed the evaluation of staining localization and intensity. SB,stratum basale; DEJ, dermal-epidermal junction, derm, dermal substrate.
which the underlying dermal compartment remained populated with functional fibroblasts, and full-thickness wounds, in which fully functional fibroblasts were present only in uninjured regions. As in vivo, also in vitro re-epithelialization of superficial wounds proceeded faster than that of full-thickness wounds, indicating the accelerating effect of fibroblasts in this process. Fibroblastderived soluble factors released from fibroblasts present in uninjured regions in the full-thickness wound model were, however, not sufficient to support keratinocyte migration and proliferation to such an extent as fibroblasts present in the dermal regions underlying the injured epidermis in superficial wounds. These findings indicate that the epithelial-mesenchymal interaction plays an important role in establishing the profile of released factors regulating proliferation and differentiation of keratinocytes. This interaction can be based on (i) production of soluble factors by either epithelial or mesenchymal cells that exhibit autocrine and/or paracrine activities, 24, 27, [36] [37] [38] [39] [40] (ii) cell-matrix interactions 41 (iii) signaling by direct cell-cell contact. 42 The lower re-epithelialization rate in full-thickness wounds is indicative that in addition to paracrine cytokine and growth factor action, the crosstalk between keratinocytes and fibroblasts are important regulators of keratinocyte proliferation and differentiation. Administration of exogenous EGF or KGF facilitated wound closure only in the full-thickness wounds, in which the injured dermal compartment was deprived of viable fibroblasts. We noticed, however, that after 3 days, re-epithelialization was lower in full-thickness wounds cultured with KGF or EGF compared to superficial wounds (data not shown). This finding indicates that other growth factor(s) or cytokine(s) released during keratinocytefibroblast crosstalk contribute to the wound closure. These factors may include TGF-a (5), TGF-b, 43 GM-CSF, 44 bGFG, 45 HGF, 46 IL-6 and IL-1.
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In contrast to the enhanced re-epithelialization of superficial incisional wounds, the deposition of DEJ was delayed (day 7 postinjury). In full-thickness wounds laminin 5 decorated the apical surface of the dermal compartment. On a few occasions, laminin 5 also decorated the lower site of the basal keratinocytes in the detached epidermis. This finding indicates that during freeze injury, some BM components remain associated with the dermal compartment and probably facilitate the BM reconstitution. Similar preservation of the BM components has been noticed upon separation of the epidermis and dermis from native skin by incubation in calcium, magnesium-free buffer at 371C, the method used for the preparation of the de-epidermized dermis. 47, 48 As an alternative approach to study the expression of basement membrane proteins during reepithelialization, we analyzed their expression in different laterally expanding regions on an unwounded HSE. During the epithelialization process no laminin 5, type IV and VII collagen deposition was detected in the outermost expanding regions. In contrast to this, the a 6 b 4 integrin that serves as a receptor for laminin 5 was expressed in the outermost regions of the expanding epidermis. In these regions, the expression of integrin subunit b 1 was downregulated (data not shown). These findings differ from the in vivo situation where it has been shown that a 3 b 1 integrin is ubiquitously deposited Figure 5 Differential expression of basement membrane and hemodesmomal proteins in laterally expanding keratinocyte regions on fibroblast populated collagen matrices. HSE were generated by seeding keratinocytes onto the central area (diameter 2 cm) of a large fibroblast-populated collagen matrix (diameter 7.5 cm). During the subsequent 2-week culture at the A/L interface, the keratinocytes migrate from the initial seeding area to the culture periphery and proliferate and differentiate. Immunofluorescence and immunohistochemical staining of antibodies directed against laminin 5, integrin subunits a 6 and b 4 , BP180-EC, 127-kD LAD-1 and uncein (DEJ-19) are shown. In the latterly expanding epidermis no laminin 5 expression was observed, while the integrin-subunit a 6 was abundantly expressed in several suprabasal cell layers. Integrin-subunit b 4 and BP180-EC were expressed only in the first suprabasal cell layer. In expanding epidermal tissue, LAD-1 expression was weak and that of uncein was very faint and patchy. Scale bar: 50 mm.
by keratinocytes during migration and that it inhibits keratinocyte migration. 49 Furthermore, the a 3 b 1 integrin is also thought to function as a receptor for laminin 5. 50 Overall, our findings indicate that the presence of b 1 integrin, laminin 5, type IV and VII collagen in the laterally expanding epidermis is not required for keratinocyte migration in vitro. This is in contrast to the results obtained by Laplante et al, 18 who wounded the HSE with 6 mm biopsy punch and subsequently placed it over a fibroblast sheet. They observed the deposition of laminin 5 and collagen IV at the DEJ already 3 days after wounding. However, this may be attributed to the presence of exogenous EGF (10 ng ml À1 ) as we have recently observed that in organotypic keratinocyte monocultures laminin 5 deposition is induced by exogenous EGF, not only at the DEJ but also in the keratinocyte cytoplasm, in the basal and first suprabasal cell layer (El Ghalbzouri et al, submitted).
In contrast to the wounding model, the unwounded HSE also allowed us to collect sufficient material for studying protein expression during epithelialization using 2D-PAGE. For this purpose, tissue from different regions of the expanding epidermis reconstructed on large collagen matrices was collected. Using this approach, we have found three proteins, the amounts of which change during the epithelialization process in four independent experiments performed with cells derived from four different skin donors. From these proteins, DJ-1 was identified as the most prominent protein as its amount was significantly decreasing from the central region towards the periphery of the culture. This observation was confirmed by immunohistochemistry using monoclonal antibody directed against RS (DJ-1). In native skin and in the central HSE (seeding) region, a strong cytoplasmic and nuclear expression of RS/DJ-1 was observed in the entire epidermis. In the laterally expanding regions, the staining intensity and localization of DJ-1 were gradually changing. In the regions close to the central one, positive DJ-1 staining was detected in all cell layers, except the stratum granulosum. In the most remote regions DJ-1 was absent.
To our knowledge we are the first group reporting a differential expression of DJ-1 in the epithelializa- Figure 6 Identification of differential expressed proteins during the re-epithelialization process using two-dimensional polyacrylamide gel electrophoresis (2D-PAGE). HSE were generated by seeding keratinocytes onto the central area (diameter 2 cm) of a large fibroblastpopulated collagen matrix (diameter 7.5 cm). During the subsequent 2-week culture at the A/L interface the keratinocytes migrate from the initial seeding area to the culture periphery, proliferate and differentiate. Proteins were isolated from three different regions of the laterally expanding epidermis tion process. However, it is difficult to speculate on its role in this process because the function of DJ-1 in still unknown. DJ-1 was first identified as a protein that transforms mouse NIH3T3 cells in cooperation with activated ras. 51 It has been previously demonstrated by Hod and his group that RS is identical to the oncogene DJ-1. 52, 53 In addition to the role in malignant transformation, DJ-1 was also found to play a role in the oxidative stress response, 54 the fertilization process, 55, 56 cell transformation, 57 and as the regulatory subunit of a 400 kDa RNA-binding protein complex. 52 More recently, structural analysis suggests that DJ-1 may possess an active site, and could be a protease. 58 In conclusion, the data presented here indicate that the human skin equivalent model serves as a useful in vitro tool for detailed studies on processes and factors controlling the re-epithelialization process during wound closure. 
